This paper presents an approach for detailed modelling of inter-turn and inter-phase short-circuit in a double layer, 12-slot and 10-pole Flux-Switching Permanent Magnet motor. This approach is based on MATLAB/Simulink and finite element analysis, and shows a fast and accurate estimation of the electromagnetic behavior for such machine under short-circuit conditions. Due to physical contact between different phase windings in the same stator slot, the inter-turn and inter-phase short-circuit in a double layer FSPM machine becomes a real possibility. However, this is rarely studied in the literature. Thus, this work contributes for the fault analysis of inter-turn and interphase short-circuit problems. Experimental tests have been carried out to validate the simulations.
I. INTRODUCTION LUX-Switching Permanent Magnet (FSPM) motors have attracted increasing interest in the last two decades [1] [2] [3] . The common topology of the FSPM machines is given in Fig. 1 , which shows that the polarities of each two adjacent permanent magnets are opposite. As a result, a flux focusing effect can be achieved, leading to high torque/power density. This is similar to that of a flux concentrating PM machine while with the permanent magnets mounted on the stator instead of on the rotor [4] . Since the phase flux linkages are bipolar [5] , its torque density can be higher than other stator mounted permanent magnet machines with unipolar phase flux linkages such as the doubly salient permanent magnet machines [6] . In addition, since the PMs of a FSPM machine are protected by both U-shape sections of the stator teeth ( Fig.  1 ), in case of flux weakening operation or short-circuit (SC), the risk of irreversible demagnetization of PMs in the FSPM machine is considerably lower compared to other PM motors. As a result, the FSPM machine is well suitable for applications requiring significant flux weakening capability such as constant power operation over a wide speed range. Furthermore, the rotor of a FSPM is similar to that of a switched reluctance motor, which makes the structure of a FSPM machine very simple and robust, and hence suitable for high speed applications [7] .
In electrical machines, one of the most frequent faults is the inter-turn SC, which affects not only machine electromagnetic but also thermal and mechanical performances [8] - [9] . The severity of inter-turn SC could be the most critical [10] . It may lead to a local overheating in the stator windings, and hence resulting in the SC of the entire phase. It should be noted that the SC current produces demagnetizing magnetic field, which is similar to negative d-axis current (I d ) [11] . As a result this could lead to partial irreversible demagnetization and the phase no-load flux linkages might decline [12] . In order to maintain the output torque, the most direct way is to increase phase currents [13] . However, this will increase the copper loss. As a main heat source of electrical machines, the temperature increase due to copper losses could exceed the maximum allowable temperature of winding insulation materials. As a result, the SC can have destructive effect on electrical machines. Therefore, it is important to predict the influence of the inter-turn SC in or between phases. Numerous diagnosis methods for SC faults have been proposed in the literature, and a summary of different methods are given in [10] . In this paper, stator current monitoring method is employed to detect the inter-turn SC. This method is often considered as the most useful because it is nonintrusive and does not require extra equipment [14] . The inter-turn SC in ----F 978-1-4799-7312-5/18/$31.00 ©2018 IEEEone phase of electrical machines are very widely studied in the literature. However, the inter-turn and inter-phase SC problems are rarely investigated. Thus, in order to fill in this gap, detailed analyses of such fault in a double layer FSPM have been carried out in this paper.
II. MODELING OF INTER-TURN SC IN TWO PHASES

A. Equivalent Circuit and Control Diagram
In order to compare and also to simplify the introduction of modelling methodologies of short-circuit in FSPM machines, a fault model of inter-turn SC in two independent phases of a FSPM 12-slot/10-pole is described. Then the obtained results will be compared against the inter-turn and inter-phase SC in section III. It is also worth noting that the inter-turn and inter-phase SC is more likely to happen in the machines with double layer windings while the inter-turn SC in two independent phases should be regarded as a rare event in electrical machines.
The winding configuration and the equivalent electric circuit of the investigated FSPM machine are shown in Fig. 2 . As an example, the inter-turn SC in phases A and B are chosen. In Fig. 2 (b) , i A is the current in healthy windings, i SC1 is the SC current in faulty windings, while i total1 is the difference between the two previous currents. These definitions are also applicable for the phase B. In Fig. 2 (b) , , and are the total phase selfinductance, the self-inductances of the healthy and the shortcircuited windings, respectively.
is the mutual-inductance between the healthy windings of the phases A and B, and are the mutual-inductances between the healthy windings of phases A or B and the phase C, is the mutual-inductance between the short-circuited windings of the phases A and B, and are the mutual-inductances between the shortcircuited windings of the phases A or B and the phase C, and are the mutual-inductances between the healthy and short-circuited windings of the phases A and B while and are the mutual-inductances between the healthy windings of the phases A or B and short-circuited windings of the phases B or A.
B. Electromagnetic and Mechanical Models
The electromagnetic model of one phase can be written as (1) with (2) where , , , L and are the phase terminal voltage, the phase current, the resistance, the inductance and the back-EMF, respectively. , , and are the no-load flux linkage calculated by 2D finite element method (FEM), the rotor pole number (for FSPM machines, is equal to the pole pair number), the mechanical rotor speed and the electrical rotor angle, respectively. Assuming that the machine is supplied with sinewave currents, (1) can then be converted to matrix form as follows (3) where , , and are the matrices of resistances, inductances (self and mutual), currents and no-load flux linkages, respectively. The phase resistance is measured directly by using the machine shown in Fig. 4 while and are calculated by 2D FEM. The details about winding configuration and the calculation of different SC percentages ( ) -the number of short-circuited turns (n) over the total number of turns per phase (N) are shown in Fig. 3 . By way of example, only the phase A is shown. In this paper, the windings are concentrated ones and each tooth is wound by one coil [ Fig. 3 (a) ]. This means that there are two coils located in each stator slot, leading to double layer winding configurations. In addition, all the coils of the same phase are connected in series. Since each phase is formed by 4 series connected coils, if one coil is shortcircuited, is equal to 25%, as can be seen in Fig. 3 (b) .
Based on Fig. 2 and Fig. 3 and for simplicity, the percentages of SC turn numbers in phases A and B are assumed to be equal, meaning = , where is the percentage of SC turn number of phase B and its definition is the same as . Thus the percentages of healthy turn numbers are . Generally, for a machine with one coil per phase, the self-inductance is proportional to the square of number of turns. Thus, the healthy ( ) and faulty ( ) selfinductances of phases A and B can be calculated by (4) However, the 2D FEM studies have shown that the magnetic coupling between coils of the same phase is significantly low. As a result, (4) is no longer valid. To calculate and of a phase formed by several coils, B. Vaseghi et al [15] have proposed a new method, which achieves satisfactory accuracy. Although the winding configuration used in [15] is distributed, the method can still be applied in the concentrated winding configuration.
By way of example, neglecting the mutual inductances between coils of the same phase and when , the healthy and SC self-inductances can be calculated by [15] ( 5) where is the percentage of number of short-circuited turns over the total number of turns of one coil ( ), is the self-inductance of one coil (
). This has been verified by 2D FEM. It is found that the inductance of one coil is approximately one fourth of the phase inductance. Based on the same theory, the mutual-inductances can also be calculated as follows (6) where is mutual-inductance between phases without SC. When and , the healthy and SC selfinductances can be calculated by (7) where q is the SC coil number (integer value), which can change from 1 to 4 for . The mutual-inductances can also be calculated using (6) . With the previously obtained selfand mutual-inductances, the matrix of inductances in (3) is established as in (8) . (8) The resistances and the no-load flux linkages are directly proportional to the number of turns and much easier to calculate, thus not shown here to save space. Knowing that the voltages of the SC windings are null, thus the matrix of voltages in (3) can be replaced by (9) . (9) Finally, the general mechanical model of the FSPM machine is the same as other types of electrical machines and can be described by (10) . (10) where , , and are the electromagnetic torque, the moment of inertial, the friction coefficient and the load torque, respectively.
C. Simulated and Experimental Results
The previously established electromagnetic and mechanical models are implemented in MATLAB/Simulink. In order to validate the simulated results, a FSPM machine (parameters are given in Table 1 ) shown in Fig. 4 is used for experimental tests. The control diagram shown in Fig. 5 is applied to drive this machine. This can be realized by using the dSPACE based programs, and a DC generator is used to provide load torque . The three phases of the machine are supplied via a Voltage Source Inverter (VSI). The speed and the current are controlled by a PI controller and a hysteresis controller, respectively, as depicted in Fig. 5 . A load torque ( ) of 6 Nm and a reference speed ( ref ) of 10 rad/s are set for both simulation and experiment conditions. It is assumed that the FSPM operates under healthy mode till 2.4 seconds. Then, two inter-turn SCs happened simultaneously in phases A and B. In order to simplify the experimental tests, the percentages of SC turn numbers are set to = = 25% (one coil is short-circuited). The inter-turn SC is depicted in Fig. 3 (only the phase A is presented, the SC in the phase B is the same as that in the phase A). In order to realize the inter-turn SC with different SC levels, each coil has two terminals and the 4 coils are connected in series outside the FSPM machine. Based on this configuration, the inter-turn SC can be artificially realized by short-circuiting the two terminals of coils [see Fig. 3 (b) ] and can change from 25% to 75% of one phase by a step of 25%. The simulated and measured currents and rotor speed, before and after the inter-turn SC in two phases, are shown in Fig. 6 and Fig. 7 . Here, only is given and the results for other have not been presented due to lack of space. The SC current (I SC2 ) in the phase B has the same amplitude as I SC1 while with a phase shift angle of . Thus only the currents in the phase A are given and analyzed in this paper. After the SC, it is found that, regardless of the number of short-circuited turns, I total1 and I A are always in phase while I SC1 and I A are always opposite. Moreover, at low rotor speed ( ), I total1 and I A increase considerably while the variation of I SC1 versus is very low as can be calculated by (11) . For simplicity, the mutual inductances are neglected in this equation, because they are relatively low in comparison with the self-inductance and phase resistance. 
III. MODELING OF INTER-TURN AND INTER-PHASE SC OF A FSPM
Compared to the distributed overlapping windings, the double layer concentrated and non-overlapping winding structure can have much shorter end-windings. Thus, for the same phase current, the machine with double layer concentrated windings generates significantly less copper losses, and hence lower temperature rise. This feature is important for some safety-critical applications such as more electrical aircraft, which has high operating temperatures. In these applications, any minimization of copper losses is desirable to minimize the maximum temperature. However, the main drawback of double layer structure is the physical contact between two layers in the same stator slots. In case of insulation material failure in stator slots, the conductors of different phases could be connected and the inter-turn and inter-phase SC forms accordingly. In order to study such fault on the electromagnetic behaviours of a 12-slot/10-pole FSPM machine, a MATLAB/Simulink based faulty model has been developed. The details are discussed in the following sections.
A. Equivalent Circuit and Electromagnetic Model
The inter-turn and inter-phase SC winding configuration, the equivalent electric circuit and the different levels of SC turn numbers are shown in Fig. 8 . Here, all the resistances and inductances are identical to those shown in Fig. 2 . Nonetheless, the main difference is that the SC winding voltage (v SC ) is no longer null. On the contrary, it depends on the resistances, the inductances (self and mutual), the back-EMF and the SC currents as well as the rotor speed and can be calculated by (14) . This expression establishes the relationship between the voltages (healthy and faulty) and the currents (healthy and faulty) and makes the analytical simulation possible. Assuming that the three phase voltages (v A , v B and v C ) are known variables, thus (14) consists of five equations while with six unknown variables (five currents: , , , and , one voltage: v SC ). In order to solve these equations, it is necessary to add another equation or to eliminate one unknown variable. The former could be realized by Kirchhoff's current law. It allows to establish the relationship between currents in healthy windings and those in SC windings of the phases A and B, such as (12) Then, based on Kirchhoff's voltage law, v SC can be eliminated by summing all the voltages of the closed-loop including the inter-turn and inter-phase SC windings [see (15) ]. Finally, with the three equations obtained previously [see (12) , (14) and (15)], a system with five equations and five unknown variables can be achieved, the matrix form of which is given in (16). After solving (16), the healthy and SC currents can be obtained. Knowing the back-EMFs of the healthy and faulty windings, the electromagnetic torque under faulty mode can then be calculated by (13).
(13) (14) Relationship between the healthy and SC currents obtained based on Kirchhoff's voltage law: (15) Final relationship between the voltages and the healthy and SC currents in case of inter-turn and inter-phase SC is:
B. Simulated and Experimental Results
Similar to the studies in section II, simulations based on MATLAB/Simulink and experimental validations (see Fig. 4 ) for the inter-turn and inter-phase SC have been carried out as well. The simulated and measured results in terms of rotor speed and healthy as well as SC currents are shown in Fig. 9 and Fig. 10 . Similar phenomena to the inter-turn SC in two phases have been observed. The speed drops and the speed ripple increases considerably with the increase in (see Fig.  9 ). The healthy current in the phase A increases significantly after the SC, which is almost five times higher than its value before the SC [see Fig. 10 (b) and Fig. 11 (b) ]. This increase in healthy current is mainly because the speed controller tries to compensate the loss of healthy turns and the increase in braking torque generated by the short-circuited turns. It can be observed that the measured results match relatively well with the simulated ones. The discrepancy is mainly due to the fact that the end-winding has not been taken into account during the 2D FE calculations for the phase inductances.
It is well established that, at low rotor speed, the resistive influence due to phase resistances is dominant compared to the inductive influence due to phase inductances. Thus, in order to verify the model given in (16), the simulations and experimental tests at high rotor speed have also been performed. For both simulation and experimental conditions, the rotor speed and load torque are set to be 102 rad/s and 6 Nm, respectively. By way of example, the percentage of interturn SC turn number is chosen. The simulated and measured results are shown in Fig. 12 and Fig. 13 . Again, a good agreement can be observed. This could finally validate the proposed inter-turn and inter-phase SC model. In comparison with the results for the rotor speed of 10 rad/s and , after the SC at 102 rad/s, the speed drops and speed ripple changes slightly. This is the same case for the healthy current (I A ). However, the SC current increases considerably (from 9 A to 17A). The high SC currents together with the increase in the healthy currents will increase considerably the power losses. This could lead to an overheating of electrical machines under faulty mode. Thus, it is essential to predict the variation of SC currents for fault tolerant applications. Otherwise, a well-designed machine under healthy conditions could not satisfy the machine specifications under faulty conditions.
Comparing to the inter-turn SC in two independent phases, with the same percentage of SC turn number ( ), the drop of rotor speed in the case of inter-turn and inter-phase SC is similar while its speed ripple is much higher (see Fig. 7 and Fig. 9 ). This is due to the fact that in case of inter-turn SC in two phases, the voltages of the SC windings are null. Therefore, the SC current and the healthy current are completely opposite, and the phase angle between the SC current and the back-EMF is . Nevertheless, in case of the inter-turn and inter-phase SC, since the voltages of SC windings are no longer null, this phase angle is different from . As a result, the average braking torque generated by the inter-turn and inter-phases SC windings is lower while the braking torque ripple is higher than the inter-turn SC in two phases. However, the higher increase in average braking torque has been compensated by the speed controller by increasing healthy currents. This is the reason why the difference of speed drop between both types of SC is not large. The comparison of simulated braking torque between the inter-turn SC in two phases and the inter-turn and interphase SC is shown in Fig. 14 . One conclusion can now be drawn that lower average braking torque involves lower healthy current increase and higher braking torque ripple leads to higher speed ripple. 
IV. CONCLUSION
In this paper, an analytical model is developed to investigate the inter-turn short-circuit (SC) fault in and between two phases in a 12-slot/10-pole flux switching permanent magnet (FSPM) machine. The characteristics in terms of rotor speed, healthy and SC currents have been analysed. For both SC problems, it is found that at low rotor speeds, the value of and do not have a significant influence on the SC current. However, at high rotor speed, the lower or , the higher the SC current. The worst case is when only one turn is short-circuited.
Currents in healthy phases need to increase significantly to compensate the drop of electromagnetic torque due to the decrease in the number of healthy turns and the increase in braking torque produced by the SC currents. When , an increase of five times in the healthy current is observed. In addition, over the entire investigated rotor speed range, the speed drops and the speed ripple increases with the increase in or .
In comparison with the inter-turn SC in two phases, with the same or , the speed drop of the inter-turn and interphase SC is similar while its speed ripple is much higher. The accuracy of the proposed simulation models have been extensively validated via experimental results on a prototype FSPM machine. 
APPENDIX
